Urban surface albedo, which is one of the important factors of the urban heat island phenomenon, was used to evaluate urban land use regulations. Broadband albedo at the surface level of Sakai City, Japan, was calculated, and effects of land use regulations and actual land use were estimated using satellite remote sensing data, a land use regulation map and detailed digital information expressing actual land use. Land use regulations defi ne land use, maximum building coverage ratios and maximum fl oor area ratios, which relate the heights of buildings to the areas of their sites. These factors have effects upon broadband albedo and each narrowband albedo corresponding to wavelengths observed by Landsat ETM+. Albedo values differed according to land use regulation zones. The combination of land use regulation and actual land use is also meaningful in grasping urban surface albedo. But this relationship may provide only slight insight into the urban heat island phenomenon.
Introduction
Urban environmental issues have become critical recently since urban areas have become conspicuously different from non-urban areas. The population of urban areas is predicted to continue to grow for several decades. This may trigger specifi c global environmental problems including the formation of UHIs (Urban Heat Islands). Appropriate urban planning may resolve some issues of urban areas including UHI, which should be also taken into account in urban planning systems as well as other issues. In this study, we have tried evaluating urban planning systems from the viewpoint of UHI in order to improve urban planning over the next several decades.
The UHI phenomenon, which refers to the higher air temperature in urban areas than in suburban areas, is currently one of the serious problems of urban areas. It has been pointed out that UHI increases energy consumption in summer and is harmful to human health through effects such as hyperthermia. Its causes have been reported to include: 1) Decrease of reflectance of solar irradiance (albedo), 2) Increase of impervious surfaces (i.e., decrease of natural areas such as green space and water, and increases in artificial surfaces) so that sensible heat prevails over latent heat, 3) Emittance of heat by consumption of energy, *Contact Author: Takashi Kyakuno, Chief researcher, Museum of Nature and Human Activies, Hyogo Yayoigaoka 6 Sanda Hyogo, Japan. Zip 669-1546 Tel: +81-79-559-2001 Fax: +81-79-559-2025 e-mail: kyakuno@hitohaku.jp (Received May 10, 2004 ; accepted June 22, 2005) and 4) Increases in the heat-storing capacities of buildings (this means absorbing solar energy in the daytime and releasing it in the nighttime, respectively).
Refl ectance of solar irradiance (albedo) was chosen as an indicator in evaluating urban environment among many factors of UHI. This is because albedo plays an important role in UHI and may be controlled more easily than the other factors and because the ratio of green coverage, which relates to impervious urban surfaces, has already been discussed in a previous study (Sotoma et al., 2003) . Researchers have dealt with albedo from various perspectives (Aida,1982; Brest et al., 1987; Kyakuno et al., 2002; Izumi et al., 2000; Nakagawa et al., 1992; Nakagawa et al., 1995; Nakagawa et al., 1996; Small et al., 2000; Zhao et al., 2000) . Many kinds of method for evaluating and observing albedo have been proposed. However, they have never been discussed from the perspective of urban land use regulations, which are thought to be an effective and easy way to control land use in Japan. This is a case study of Sakai city in Osaka prefecture (Fig.1.) . Sakai city is about 10km from downtown Osaka, the second largest city in Japan and a population center for the western area of Japan. The population of Sakai city is about 800,000, and the area is about 136 km 2 . About 70 percent of the area is regulated by urban planning laws.
Methods 2.1 Calculation of albedo
In this study, short wave broadband surface albedo was calculated from narrowband planetary albedo through satellite remote sensing imagery. Broadband surface albedo means reflectance of solar irradiance at the earth's surface at wavelengths of 0.3μm-4.0μm, while narrowband planetary albedo means refl ectance at the top of the atmosphere in the limited bands of satellite observations. The reason why remote sensing data has been employed is that it makes possible the simultaneous measurement of albedo across a wide area. Imagery of Landsat ETM+ taken on the 25th of August 2000, which includes the Osaka area (path 110, row 36) was used because it contains few clouds and reveals the city in the summer, at which time UHI can be observed most conspicuously. The target area had a size of 591 pixels by 493 pixels and included Sakai city. Areas covered by clouds were excluded before the analysis. Each pixel had a resolution of 28.5m. The sample area before removal of cloudy areas was about 16.8 km by 14.1 km. Fig.2 . shows the spatial distributions of albedo in Band 1, Band 3, Band 4, Band 7 and Broadband in the target area. In the fi gure the depth of gray corresponds to classes defi ned with standard deviations and means of each band, and the white diagonal striped areas are cloudy areas. Overlaid are outlines of regulatory zones from urban land use regulations.
Land Use Regulations
Japanese land use regulations are usually precisely governed by the Building Standard Law and Urban Planning Law. They consist of three main factors. The fi rst is 'Land Use Regulation Zoning (LURZ)' (Table 2 .), which usually has 12 classes except for special regulations and controls the kinds of architecture to be built. The second is 'Maximum Building Coverage Ratio (BCR)' which means the ratio of the area upon which buildings are permitted relative to the total site area. The third is 'Maximum Floor Area Ratio (FAR)' which is the ratio of the areas of all fl oors to that of the site. Although there are also many other precise descriptions including building height, setback distances, and building form, we used these three as land use regulation factors because they are the most significant and basic for determining actual urban land use in Japan. Fig.3 ., Table 3 . and Table 4 . show the distribution of land use regulation zones in Sakai, pixel numbers of each BCR tabulated with each LURZ and pixel numbers of each FAR tabulated with each LURZ without cloudcovered areas, respectively. Pixel sizes have been resized into 28.5m by 28.5m, which corresponds to the pixel size of the Landsat ETM+ data.
Overlaying land use maps and averaging albedo in each land use category
Detailed digital information from 1996 was employed as ground truth data of the target area in order to ascertain actual land use (GSI, 2001). It defines the spatial distribution of land use at a resolution of 10m, using 17 land use categories. Of them, 12 categories were chosen as ground truth data for this study (Table 5. ). The land use regulation map used in this study was issued as GIS data by the Sakai city government.
Albedo distribution maps calculated through the above-mentioned procedure and the two abovementioned maps were overlaid in GIS in an affine Table 3 . Numbers of Pixels of each BCR tabluated with LURZ Table 4 . Numbers of Pixels of each FAR Tabluated with LURZ Table 5 . Land Use Classes Adopted from Detailed Digital Information transformation, and relations between albedo and land use regulations from the viewpoints of actual land use were analyzed.
Results and discussion 3.1 Albedo from the perspective of land use regulations
Albedo in each band categorized with LURZ was averaged (Fig.4. and Table 6 .), and T-tests were employed to testify the differences between each pair of categories in all bands ( 
story Residential District (MR-I). This means that MR-I has average spectral characteristics among all zonings and ordinal status in urban areas.
In the same way, values of albedo for each BCR or each FAR were calculated (Fig.5., Fig.6 ., Table 8. and  Table 10 .), and T-tests were executed (Table 9. and  Table 11 ). The albedo value for BCR 60% tended to be the highest except in the case of visible bands (Bands 1-3). Broadband albedo was highest at BCR 60%. As to FAR, broadband albedo was higher in 200%, 500% and 600% FAR than in the others. This is mainly because the values of Bands 4 and 7 are higher for these FAR values. Visible-band albedo (Bands 1-3) becomes higher as BCR or FAR increase. T-test results show most pairs in BCR having a significant difference, which means that BCR infl uences the albedo of each band. The same is true of FAR, in which case FAR can be regarded to affect the albedo of each band as well.
It can be concluded that both LURZ, BCR and FAR have effects on the albedo of each band since differences of most pairs of LURZ, BCR and FAR are statistically signifi cant. However, the differences are slight in most cases: no more than 2.0% in broadband albedo. The T-test results show that land use regulations generate different values of albedo in different regions, but do not certify that the differences are meaningful from the perspective of the Urban Heat Island phenomenon. These kinds of regulation alone are not sufficient to control the albedo for the purpose of mitigating the UHI phenomenon, though they make a slight difference.
Albedo from the perspective of actual land use and land use regulations
In this section the effects of actual land use and combinations of land use regulations and actual land Table 7 . T-tests for Differences between each Pair of LURZ Table 11 . T-tests for Differences between each Pair of FAR Table 9 . T-tests for Differences between each Pair of BCR The average albedo in each band categorized by land use was calculated (Fig.7 ., Table 12 .), and T-tests were implemented to test differences in average albedo of each land use ( Combinations made of BCR and actual land use, and combinations of FAR and actual land use were examined in the same way (Tables 15 and 16 ). There are some signifi cant differences of values depending on the combinations. As to BCR, the highest value was shown in the combination of 50% BCR and Ind while the lowest value was observed in the combination of 80% BCR and LSRe. Categories relating to 60% BCR tended to have high values in both albedo and standard deviations in every land use class. It would be diffi cult to conclude that albedo can be controlled through regulating LURZ, BCR or FAR. Japanese land use regulations do not refer to precise land uses or land coverage. Each category allows various land uses or land coverage. The same is true for BCR or FAR, which provide only upper limits; ratios below these limitations are allowed.
Conclusion
Broadband albedo and narrowband albedo in wavelengths corresponding to observation of Landsat ETM+ were discussed from the perspective of urban land use regulations and actual land use. Albedo was shown to be influenced by both land use regulations and actual land uses, and combinations of these categories were also meaningful for considering albedo. For instance, Commercial or Business area had high albedos, but these albedos differed according to LURZ. BCR and FAR showed peak albedos around 80% BCR and 200% FAR, respectively.
Land use regulations, actual land use and the combinations of these factors are not the dominant factors defining albedo, however. The differences generated by these factors are statistically significant, but are no more than 2 percent: not enough to consider controlling albedo through land use regulations. Land coverage may also play an important role for albedo. Even if a place is labeled as "Industrial area" in a land use category, it may include roof-covered areas, asphalt areas, greenery and bare soil, all of which have different spectral refl ectance characteristics. What is needed is a regulating system that refers to land coverage as well as current land use regulations for easing the heat island phenomenon through controlling albedo.
In our further studies, the effects of land coverage upon albedo and its management through land use regulation will be discussed by focusing on the relation between land use regulations, actual land use and actual land coverage.
